We present the results of CO observations toward 14 host galaxies of long-duration gamma-ray bursts (GRBs) at z = 0.1-2.5 by using the Atacama Large Millimeter/submillimeter Array. We successfully detected CO(3-2) or CO(4-3) emission in eight hosts (z = 0.3-2), which more than doubles the sample size of GRB hosts with CO detection. The derived molecular gas mass is M gas = (0.2-6) × 10 10 M ⊙ assuming metallicity-dependent CO-to-H 2 conversion factors. By using the largest sample of GRB hosts with molecular gas estimates (25 in total, of which 14 are CO-detected) including results from the literature, we compared molecular gas properties with those of other star-forming galaxies (SFGs). The GRB hosts tend to have a higher molecular gas mass fraction (µ gas ) and a shorter gas depletion timescale (t depl ) as compared with other SFGs at similar redshifts especially at z 1. This could be a common property of GRB hosts or an effect introduced by the selection of targets which are typically above the main-sequence line. To eliminate the effect of selection bias, we analyzed µ gas and t depl as a function of the distance from the main-sequence line (δMS). We find that the GRB hosts follow the same scaling relations as other SFGs, where µ gas increases and t depl decreases with increasing δMS. No molecular gas deficit is observed when compared to other SFGs of similar SFR and stellar mass. These findings suggest that the same star-formation mechanism is expected to be happening in GRB hosts as in other SFGs.
INTRODUCTION
Long-duration gamma-ray bursts (GRBs) have been shown to be associated with the explosions of massive stars (e.g., Hjorth et al. 2003; Stanek et al. 2003) . GRBs are expected to be a new tool for probing the star-forming activity in the distant universe (e.g., Totani 1997; Wijers et al. 1998; Kistler et al. 2009 ) because i) they are related to star formation, ii) they are bright enough to be observable in the cosmological distances hatsukade@ioa.s.u-tokyo.ac.jp (e.g., Tanvir et al. 2009; Salvaterra et al. 2009 ), and iii) observations of afterglows and host galaxies provide information about the interstellar medium or star-forming activity in GRB environments. It is still a subject of debate whether GRBs can be used as unbiased tracers of star formation, that is, whether GRBs occur in normal star-forming environments. For example, observations of GRB hosts suggest that GRBs occur more often in low-metallicity environments (e.g., Stanek et al. 2006; Levesque et al. 2010b; Graham, & Fruchter 2013; Perley et al. 2016) . Theoretical models also support this preference for low-metallicity environments, where a line-driven mass loss in the progenitor is avoided to form an accretion disk upon collapse (e.g., Woosley & Heger 2006; Yoon et al. 2006) . Although multi-wavelength observations of GRB hosts have been conducted, the understanding of the properties of molecular gas, which is the fuel for star formation, has not been well provided. Observations of molecular gas in GRB hosts are important for establishing the link between GRBs and star-forming activity. Although molecular hydrogen in absorption in the spectra of GRB afterglows provides useful information in the vicinity or line of sight to GRBs (e.g., Prochaska et al. 2009; Krühler et al. 2013; D'Elia et al. 2014) , molecular lines need to be detected in emission to measure the gas content in host galaxies.
Searches for CO line emission have been conducted to probe molecular gas in GRB hosts (Kohno et al. 2005; Endo et al. 2007; Hatsukade et al. 2007 Hatsukade et al. , 2011 Stanway et al. 2011) . So far, six GRB hosts have been detected in CO emission: GRB 980425 at z = 0.0085 (Micha lowski et al. 2018a) , GRB 051022 at z = 0.809 , GRB 080207 at z = 2.0858 (Arabsalmani et al. 2018; Micha lowski et al. 2018a; Hatsukade et al. 2019) , GRB 080517 at z = 0.089 (Stanway et al. 2015b) , GRB 111005A at z = 0.01326 (Micha lowski et al. 2018a) , and 190114C at z = 0.425 (de Ugarte Postigo et al. 2020 ). Earlier works have suggested a deficiency of molecular gas in GRB hosts for their star formation rate (SFR) or stellar mass Stanway et al. 2015b; Micha lowski et al. 2016) . Stanway et al. (2015b) found a shorter gas depletion timescale for GRB hosts compared to local star-forming galaxies, suggesting that GRBs occur toward the end of a star formation episode or in the burst phase of star formation. A possible scenario is that a recent merger or gas inflow induced star formation and that the progenitor formed in the star formation episode that took place in newly accreted gas, as suggested in Hi observations (e.g., Micha lowski et al. 2015; Arabsalmani et al. 2015) . Micha lowski et al. (2015) proposed that star formation proceeds directly in the atomic gas before it converts to the molecular phase, resulting a lower molecular gas mass for its SFR. However, recent studies have shown that the difference is not significant and that GRB hosts have more diverse molecular gas properties with an additional sample, appropriate COto-H 2 conversion factors (α CO ), or choice of comparison sample (Arabsalmani et al. 2018; Micha lowski et al. 2018a ). Arabsalmani et al. (2018) detected the CO(3-2) line in a z = 2.0858 host of GRB 080207 with the Plateau de Bure/NOrthern Extended Millimeter Array (NOEMA). They found that the host was molec-ular gas-rich and that the molecular gas mass fraction and gas depletion timescale were comparable to those of typical star-forming galaxies at similar redshifts. Hatsukade et al. (2019) conducted a detailed study of the molecular gas properties in the same GRB host by using the CO(1-0) line data with the Karl G. Jansky Very Large Array (VLA) and spatially-resolved CO(4-3) line data with the Atacama Large Millimeter/submillimeter Array (ALMA). They found that the host had molecular gas properties (such as gas fraction, gas depletion timescale, gas-to-dust ratio, location in the gas mass-SFR relation, and kinematics) similar to those of main-sequence (MS) galaxies at similar redshifts. Micha lowski et al. (2018a) performed CO(2-1) observations of seven GRB hosts with the APEX and IRAM 30-m telescopes and detected three GRB hosts (GRBs 980425, 080207, and 111005A). They combined the hosts with previous CO observations and found that the GRB hosts have molecular properties that are consistent with those of other galaxies. Recently, de Ugarte Postigo et al. (2020) detected the CO(3-2) line in an interacting galaxy hosting GRB 190114C at z = 0.425 and found a high molecular gas fraction.
Because the molecular gas mass fraction or depletion timescale are correlated with other physical quantities such as SFR, specific SFR (sSFR = SFR/M * ), stellar mass, and the distance from the MS line (e.g., Saintonge et al. 2012; Magdis et al. 2012; Tacconi et al. 2013; Genzel et al. 2015; Tacconi et al. 2018) , it is important to examine the molecular gas properties of GRB hosts with these parameters. So far, only a handful of GRB hosts have been detected in CO, and the sample size is too small to discuss the common characteristics of GRB hosts. In order to understand the molecular gas properties in GRB hosts, a larger sample with CO observations is necessary.
In this paper, we present the results of CO observations toward 14 GRB hosts conducted with ALMA. We more than doubled the sample size of GRB hosts with CO observations, providing the largest sample for statistical studies. The arrangement of this paper is as follows. Section 2 outlines the GRB hosts used in this study, the observations and data reduction, and the results. Section 3 describes the analysis of spectral energy distributions (SEDs) for obtaining SFRs and stellar masses of the targets. Section 4 presents the derived physical quantities. In Section 5, we describe the molecular gas properties of the hosts in comparison with other star-forming galaxy populations and discuss the scaling relations of molecular gas for GRB hosts and star-forming galaxies. Our conclusions are presented in Section 6. The spatially resolved properties of molecular Figure 1 . Stellar mass-SFR plot for the targets (circles), GRB hosts with CO observations in the literature (squares), and GRB hosts taken from the database of the GHostS project (diamonds). Top and bottom panels show the sample at redshift below and above 0.8, respectively. The data points and curves are color coded by redshift. The GRB hosts with CO detection in this study are shown as double circles. Curves and shaded regions represent the main sequence of star-forming galaxies at z = 0.1, 0.5, 1.0, and 2.0 and its uncertainty (±0.2 dex) (Speagle et al. 2014 ).
gas and detailed analysis of the kinematics are presented in a separate paper. Throughout the paper, we adopt a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7. SFRs in this paper are converted to a Chabrier (2003) initial mass function (IMF) from a Salpeter (1955) IMF by multiplying by 0.61. The forms of a Chabrier (2003) IMF and a Kroupa (2001) IMF are similar and we do not distinguish between them.
DATA

GRB Hosts
The targets were selected from previous studies on GRB hosts, where multi-wavelength analysis are available (Savaglio et al. 2009; Svensson et al. 2010; Krühler et al. 2015; Perley et al. , 2015 , thus allowing us to compare their physical quantities (such as SFR, stellar mass, or metallicity) with those of other galaxy populations. The selection criteria were as follows: (i) spectroscopic redshifts are determined to securely observe the CO lines, (ii) the redshifted CO line is observable with the ALMA bands, (iii) hosts with high SFRs ( 1 M ⊙ yr −1 at z ∼ 0.1, 50 M ⊙ yr −1 at z ∼ 1, and 150 M ⊙ yr −1 at z ∼ 2), and (iv) located at moderate redshifts (z ≤ 2.5) to ensure a significant constraint on the molecular gas mass. It is known that far-infrared luminosity (L FIR ) correlates well with CO luminosity (L ′ CO ) for local and high-redshift starforming galaxies (e.g., Solomon & Vanden Bout 2005) , and galaxies with high SFRs are expected to have a large amount of molecular gas. We selected 14 GRB hosts at z = 0.1-2.5 and their physical properties are presented in Table 1 . The SFRs adopted here are corrected for dust extinction. It is possible that the GRB hosts with a higher radio-based SFR than a UV-based SFR have dust-obscured star-forming activity. The targets included dark GRBs (060814, 070306, 071021, 100621A, and GRB 130925A) whose afterglows are optically dark compared with what is expected from X-ray afterglows (Jakobsson et al. 2004; van der Horst et al. 2009 ).
The selection criteria could introduce biases to the sample. GRB hosts with a spectroscopic redshift tend to have a bright afterglow or are bright at optical/near infrared (NIR) wavelengths because the redshift determination is mainly conducted through optical/NIR spectroscopic observations, which might miss heavily dustobscured hosts. The SFR selection criteria target more active star-forming hosts than typical GRB hosts. We compare the stellar mass and SFR for the targets along with MS star-forming galaxies at z = 0.1-2.5, taken from Speagle et al. (2014) , in Figure 1 . A majority of the targets are located above the MS line at their redshift. For comparison with other GRB hosts, we used the database of the GRB Host Studies (GHostS) 1 (Savaglio et al. 2006) , which is a public database dedicated to GRB hosts; it contains information on more than 230 hosts. Figure 1 shows that our targets have a higher SFR compared to the GHostS sample. In order to take the possible bias into account, we compared their properties with those of other galaxy populations by introducing the offset from the MS of star-forming galaxies (Section 5.3). Note-a UV-based SFR from SED fitting (corrected for extinction). b SFR from Hα luminosity (corrected for extinction). c SFR from radio continuum flux. d Stellar mass derived from SED fitting to UV-IR data. e Metallicity converted to the calibration of Pettini & Pagel (2004) by using the metallicity conversion of Kewley, & Ellison (2008) . f Metallicity derived from the mass-metallicity conversion of Genzel et al. (2015) . g Metallicity derived from the line fluxes reported in Krühler et al. (2015) . In this study, we also utilized the data from CO observations in the literature: Six hosts with CO detection (GRBs 980425, 051022, 080207, 080517, 111005A, and 190114C) and five hosts with upper limits (GRBs 000418, 030329, 060505, 060814, and 100316D). We did not include the GRB 090423 host at z = 8.23 (Stanway et al. 2011 ) because the physical properties (such as stellar mass or SFR) are not well constrained. The physical properties are summarized in Table 6 in Appendix A. The hosts are also plotted in Figure 1 for comparison with our targets.
Observations and Results
ALMA observations of the targets were conducted in March-November, 2016, for the Cycle 3 and Cycle 4 programs (Project code: 2015.1.00939.S and 2016.1.00455.S) as summarized in Table 2 . In order to observe the CO line and dust continuum simultaneously, the CO(3-2) or CO(4-3) line was observed at band 4, 6, or 7 depending on the target redshift.
The required sensitivity was estimated by using the SFR-L FIR relation of Kennicutt (1998) , and the L FIR - (Iono et al. 2009 ).
The typical 5σ detection limit for molecular gas is shown in Figure 9 by assuming a Galactic CO-to-H 2 conversion factor of 4.4 M ⊙ (K km s −1 pc 2 ) −1 (Bolatto et al. 2013) .
The correlator was used in the frequency domain mode with a bandwidth of 1875 MHz (488.28 kHz × 3840 channels). Four spectral windows were used, providing a total bandwidth of 7.5 GHz. Bandpass, phase, and flux calibrations were done with nearby quasars. The second level of Quality Assurance (QA2) performed by the ALMA data reduction team was "PASS" except for the data set of the GRB 031203 host, where the QA2 was "SEMIPASS" because the synthesized beam size achieved was significantly smaller than requested and the rms noise level was higher than requested.
The data were reduced with Common Astronomy Software Applications (CASA; McMullin et al. 2007 ). Data calibration was done with the ALMA Science Pipeline Software of CASA versions 4.5.3, 4.7.0, and 4.7.2. The maps were processed with a tclean task with the natural weighting. The continuum maps were created with a total bandwidth of ∼7.5 GHz, excluding channels with emission lines. Clean boxes were placed when a component with a peak signal-to-noise ratio (S/N) above 5 was identified, and CLEANed down to a 2σ level. The GRB hosts were observed with different array configurations. All targets with a synthesized beam size smaller than 0. ′′ 7 were uv-tapered with a value of 0. ′′ 8. When a source was spatially resolved, the total flux was measured with a CASA task imfit as an integrated flux density, otherwise the peak flux was adopted.
We detected CO emission in eight hosts at z = 0.3-2 (GRBs 050826, 051006, 051117B, 060814, 070306, 081109, 110918A, and 140301A). Because six GRB hosts were detected in CO emission so far, this study more than doubled the sample size of hosts with CO detection. The CO(3-2) and (4-3) line luminosities of the detected hosts were L ′ CO (3-2) = 0.3-6 × 10 9 (K km s −1 pc 2 ) and L ′ CO (4-3) = 1-3 × 10 9 (K km s −1 pc 2 ), respectively. The CO spectra, velocity-integrated CO maps, and continuum maps are shown in Figure 2 along with optical images taken from the Hubble Legacy Archive 2 and the public data of the Dark Energy Survey (DES; Abbott et al. 2018; Morganson et al. 2018; Flaugher et al. 2015) . Dust continuum emission is detected in only three hosts (GRB 051006, 051117B, and 110918A), whereas the upper limits for the nondetections were consistent with those expected from their SFRs (see Section 4.4).
The CO line widths of the hosts ranged from 60 to 300 km s −1 . We show the intensity-weighted velocity field maps and velocity dispersion maps for the CO-detected hosts with high significance (S/N > 5.5) in Figures 3 and 4, respectively. Two GRB hosts (GRBs 110918A and 140301A) show velocity gradient consistent with rotation with a line full width at half maximum (FWHM) of 200-300 km s −1 , whereas other hosts show a more disturbed velocity field.
SED FIT
In order to estimate the SFR and stellar mass of the targets in a common way, we conduct SED analysis with available photometry from UV to radio including our ALMA photometry. We adopt a SED modeling code of Code Investigating GALaxy Emission (CIGALE 3 ; Burgarella et al. 2005; Noll et al. 2009; Boquien et al. 2019) . CIGALE is based on an energy balance principle, where the energy absorbed by dust in the UV-near-IR range is re-emitted self-consistently in the mid-and far-IR range. CIGALE builds spectral models by computing star formation histories (SFH), stellar spectrum from the SFH and single stellar population (SSP) models, nebular emission, attenuation of the stellar and nebular emission assuming an attenuation law, and dust emission in the mid-and far-IR. The models are fitted to the data and physical properties are estimated through the analysis of the likelihood distribution. We adopt a SFH of the delayed SFH with an optional exponential burst (sfhdelayed) with a form of SFR ∝ t/τ 2 exp(−t/τ ), where τ is the time at which the SFR peaks. The SSP library of Bruzual, & Charlot (2003) (bc03) and the Chabrier (2003) IMF are adopted for computing the spectrum of composite stellar populations. The nebular emission is modeled based on Inoue (2011), where CLOUDY (Ferland et al. 1998 (Ferland et al. , 2013 is used. The attenuation by dust is calculated with the attenuation law of dustatt modified starburst, which is based on the Calzetti et al. (2000) starburst attenuation curve. The dust emission is computed with the module of dl2014, which is based on the model of Draine, & Li (2007) and Draine et al. (2014) . The synchrotron radio emission is calculated for the GRB hosts with radio detection (GRBs 980703, 031203, 051006, and 060814) with the radio module, which relies on the radio-IR correlation of Helou et al. (1985) .
The photometry data of our targets are taken from the GHostS database (www.grbhosts.org and references therein), Perley et al. (2016) , and Perley et al. (2017a) . The data for the GRB 140301A host is taken from the database of the Dark Energy Survey. We also use the photometry and upper limits obtained in our ALMA observations.
The results on SFR and stellar mass are presented in Table 3 and the SEDs are shown in Figure 5 . The stellar Table 3 . Results of SED Fit.
14 ± 3 (7.9 ± 2.1) × 10 9 021211 9.9 ± 6.0 (3.3 ± 2.6) × 10 9 031203
2.9 ± 0.6 (3.3 ± 0.5) × 10 8 050826 5.0 ± 4.2 (4.4 ± 2.6) × 10 9 051006 61 ± 18 (2.6 ± 0.6) × 10 10 051117B 14 ± 12 (1.2 ± 0.2) × 10 10 060814 67 ± 10 (1.2 ± 0.3) × 10 10 070306 38 ± 28
3.9 ± 1.2 (1.6 ± 0.6) × 10 9 140301A 233 ± 138 (4.4 ± 2.5) × 10 10 masses are overall consistent with previous studies presented in Table 1 . We adopt the SFRs and stellar masses for the GRB hosts derived in this study in subsequent discussions. . From left to right: CO spectra, CO velocity-integrated maps, continuum maps, and optical images. The image size is 10 ′′ × 10 ′′ , centered at the host galaxies. GRB positions are marked as cross-hairs. The velocity resolution of the CO spectra is 30 km s −1 for the hosts at ≥3.5σ detection and 50 km s −1 for the rest. Continuum emission is subtracted. The red lines show best-fitting Gaussian profiles. CO maps are created by integrating the channels with CO emission for the hosts at ≥3.5σ detection, and the channels from −90 to +90 km s −1 for the rest. The synthesized beam size is shown in the lower left corners. The contours are −3, −2, 2, 3, 5, 10, and 15σ. The optical images are overlaid by the contours of the CO maps. 10 −1 10 0 10 1 10 2 10 3 10 4 10 5 10 6
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PROPERTIES OF THE GRB HOST GALAXIES
We derived molecular gas mass from the CO emission, dust mass, and far-infrared (FIR)-based SFR from the continuum emission.
CO Line Luminosity Ratios
The CO luminosity of a ground rotational transition J = 1-0 is required for deriving the molecular gas mass by applying the conversion factor, and we need to assume a CO line ratio in the case of host galaxies with only higher J CO lines. The ratios of CO line luminosities in GRB hosts have been unexplored because of the limited number of CO observations and the lack of detection of multiple CO transitions. Hatsukade et al. (2019) reported the line ratios for the GRB 080207 host with upper J levels from 1 to 4. They found that the line ratios were close to unity up to J = 4, similar to those of local starburst M 82, local (U)LIRGs, and QSOs/radio galaxies, suggesting a high molecular gas excitation condition in the host.
Among the samples in this study, the hosts of GRB 031203 and GRB 060814 were observed in other CO transitions in previous studies. Micha lowski et al. (2018a) reported upper limits on the CO(2-1) line in the hosts of GRBs 031203 and 060814. We detected the CO(3-2) line in the GRB 060814 host, allowing us to constrain the line ratio. The obtained lower limit for the line luminosity ratio was CO(3-2)/CO(2-1) > 0.32 (3σ). This is consistent with the line ratio for the GRB 080207 host, although the constraint was weak. Because the CO line ratio for GRB hosts was obtained only in the GRB 080207 host, in this study we adopted the line ratios of CO(3-2)/CO(1-0) = r 31 = 0.6 and CO(4-3)/CO(1-0) = r 41 = 0.4, which are the intermediate values between Milky Way and M 82 (Carilli & Walter 2013) and appropriate for z ∼ 1-2 MS galaxies (Dannerbauer et al. 2009; Aravena et al. 2014; Daddi et al. 2015) . We note that the derived molecular gas mass could vary by a factor of a few due to the uncertainty of CO line ratios.
Molecular Gas Mass
The CO luminosity was calculated as follows (Solomon & Vanden Bout 2005) 
where L ′ CO is in K km s −1 pc 2 , S CO ∆v is the velocityintegrated intensity in Jy km s −1 , ν obs is the observed line frequency in GHz, and D L is the luminosity distance in Mpc. The molecular gas mass is derived from
where α CO is the CO-to-H 2 conversion factor, including the contribution of helium mass. L ′ CO(1−0) is calculated from the observed L ′ CO(3−2) or L ′ CO(4−3) devided by r 31 or r 41 (Section 4.1). The conversion factor is thought to be dependent on gas-phase metallicity, increasing α CO with decreasing metallicity (e.g., Wilson 1995; Arimoto et al. 1996; Kennicutt, & Evans 2012; Bolatto et al. 2013) . We adopted the relation between metallicity and α CO of Genzel et al. (2015) , where they took the geometric mean of the empirical relations of Genzel et al. (2012) and Bolatto et al. (2013) and derived a relation for the local and high-redshift sample. To apply the relation, we converted the metallicity to the calibration of Pettini & Pagel (2004) by using the metallicity conversion of Kewley, & Ellison (2008) . We derived metallicity from the mass-metallicity conversion of Genzel et al. (2015) for the hosts where metallicity was not obtained from emission line diagnostics. The adopted metallicity-dependent conversion factor α CO (Z) is 4-15 M ⊙ (K km s −1 pc 2 ) −1 (Table 4). Because the approach of Genzel et al. (2015) is not applicable for significantly sub-solar metallicity galaxies (12 + log(O/H) 8.4), where the relations of Genzel et al. (2012) and Bolatto et al. (2013) deviate from each other, we adopted the harmonic mean of the two relations by following Tacconi et al. (2018) . If we had adopted a Galactic conversion factor of α CO = 4.4 M ⊙ (K km s −1 pc 2 ) −1 (Bolatto et al. 2013 ) regardless of metallicity, which is appropriate for z ∼ 1-2 normal star-forming galaxies (Daddi et al. 2010; Tacconi et al. 2013) , derived molecular gas mass would be smaller at most by a factor of 3 for hosts with a larger α CO (Z). Note that although α CO = 0.8 M ⊙ (K km s −1 pc 2 ) −1 is derived for ultra-luminous IR galaxies (ULIRGs) (galaxies with L FIR > 10 12 L ⊙ ) (Downes & Solomon 1998 ), our targets are not categorized as ULIRGs (Section 4.4).
For non-detection hosts, we derived 3σ upper limits by assuming a line width of 180 km s −1 , which is a median value for z ∼ 1 star-forming galaxies derived from CO observations (Tacconi et al. 2013 ) and is also comparable to the mean velocity width (200 km s −1 ) of the CO-detected GRB hosts in this study.
The derived molecular gas mass is (0.2-6) × 10 10 M ⊙ (Table 4) , which is comparable to that of GRB hosts at similar redshifts reported in the literature Stanway et al. 2015b; Micha lowski et al. 2018a; Arabsalmani et al. 2018; Hatsukade et al. 2019; de Ugarte Postigo et al. 2020) . Figures 6 and 7 show the molecular gas mass as a function of redshift and stellar mass, respectively. We show the CO-detected GRB hosts in our sample and in the literature (Table 6) , z ∼ 1-2 MS galaxies Most of the COdetected GRB hosts at z 1 show molecular gas fraction (µ gas = M gas /M * ) comparable to those of z ∼ 1-2 MS galaxies in Figure 7 . On the other hand, some of the hosts with log(M * /M ⊙ ) 10 at lower redshifts have a higher gas fraction compared to local galaxies of similar stellar mass, which could indicate some excess of molecular gas.
Dust Mass, FIR Luminosity, and SFR
The FIR luminosity and dust mass were derived as (De Breuck et al. 2003 )
where κ d (ν rest ) is the dust mass absorption coefficient, ν rest is the rest-frame frequency, T dust is the dust temperature, B(ν rest , T dust ) is the Planck function, and S obs is the observed flux density. We assumed that the absorption coefficient varies as κ d ∝ ν β and that the emissivity index lies between 1 and 2 (e.g., Hildebrand 1983) , and adopt κ d (125 µm) = 2.64 ± 0.29 m 2 kg −1 (Dunne et al. 2003 ) and β = 1.5. SFRs were derived from SFR = 1.72 × 10 −10 L FIR (Kennicutt 1998) GRB hosts (This Work) GRB hosts local galaxies ~ 1-2 MS galaxies −1 0 1 2 log(SFR) ( ⊙ yr −1 ) Figure 6 . Molecular gas mass as a function of redshift. Circles and squares represent GRB hosts of our targets and in the literature, respectively. Arrows represent 3σ upper limits. For comparison, we plot z ∼ 1-2 MS galaxies (Daddi et al. 2010; Magnelli et al. 2012; Magdis et al. 2012; Tacconi et al. 2013; Seko et al. 2016a ) and local star-forming galaxies (Bothwell et al. 2014; Saintonge et al. 2017) . The GRB hosts are color coded by SFR. and scaled to Chabrier (2003) detected GRB hosts and derived the dust temperature of T dust = 44-51 K, with the average value of 47.5 K. Hunt et al. (2014) derived the dust temperature of 17 GRB hosts (including the hosts of GRBs 980703 and 070306) with Herschel observations by fitting their SEDs and the dust temperature ranged from 21 to 132 K, with an average temperature of 48 K. Hatsukade et al. (2019) and Hashimoto et al. (2019) estimated the dust temperature of 37-40 K for the GRB 080207 host. In this study, we adopted T dust = 40 K and derived physical quantities (3σ limits for nondetections). Note that dust temperature could increase with redshift, as has been found for star-forming galaxies (e.g., Magdis et al. 2012; Magnelli et al. 2013; Béthermin et al. 2015; Schreiber et al. 2018 ). If we adopt T dust = 30 or 50 K, the dust mass would change by a factor of 1.5 and 0.8, and SFR would change by a factor of 0.3 and 2.6. The dust mass and SFR for continuumdetected hosts are ∼10 7 M ⊙ and ∼10-80 M ⊙ yr −1 , respectively. The derived quantities are presented in Table 5. No GRB hosts were found to be in the class of ULIRGs (L IR > 10 12 L ⊙ ). The molecular gas-to-dust mass ratios for the GRB hosts with both CO and continuum detections are M gas /M dust = 1730 ± 560, 640 ± 260, and 840 ± 210 for the hosts of GRBs 051006, 051117B, and 110918A, respectively. We also obtained lower limits for the hosts with CO detection only is M gas /M dust > 600-1000. It is shown that gas-to-dust ratio increase with decreasing metallicity for local and z ∼ 1-3 starforming galaxies (e.g., Leroy et al. 2011; Magdis et al. 2012; Saintonge et al. 2013; Rémy-Ruyer et al. 2014) . It is also suggested that gas-to-dust ratios for z ∼ 1-3 star-forming galaxies are higher than those of local galaxies (Saintonge et al. 2013; Seko et al. 2014 ). The gas-to-dust ratios obtained for z ∼ 1.4 MS galaxies are M gas /M dust = 200-1500 (Seko et al. 2016a,b) . By considering the dependence of gas-to-dust ratio on metallicity or redshift, the ratios for the GRB hosts are comparable to other star-forming galaxies.
Individual Hosts
GRB 980703
The GRB 980703 host is an actively star-forming galaxy with a UV-based SFR derived from SED fitting of ∼10-40 M ⊙ yr −1 (Castro Cerón et al. 2010; Svensson et al. 2010; . The host was detected in radio observations at 1. 43, 4.86, and 8.46 GHz, and the radio-based SFR is 110 ± 15 M ⊙ yr −1 (Berger et al. 2001 (Berger et al. , 2003 . Recent radio follow-up observations ( 14 years after the GRB) detected the host with fainter flux densities than those reporeted by Berger et al. (2001 Berger et al. ( , 2003 , providing updated radiobased SFRs of 77±22 and 93±21 M ⊙ yr −1 at 6 and 1.45 GHz, respectively (Perley et al. 2017a ). They suggested an afterglow contribution to the radio fluxes in the previous studies based on long-term radio observations and light curve modeling.
The CO(4-3) line and continuum were not detected, although a marginal feature of CO emission can be seen. The upper limit on L IR based on the continuum emission is <6 × 10 11 L ⊙ , suggesting that the host does not have a ULIRG nature. The upper limit on SFR is <25 M ⊙ yr −1 , which is lower than the results of early radio observations by Berger et al. (2003) . Although the UV-to-radio SED fitting by Micha lowski et al. (2008) and Hunt et al. (2014) showed a large SFR of 90-130 M ⊙ yr −1 , this could be overestimated because they adopted the radio flux densities of Berger et al. (2003) , and the estimated 1.3 mm flux density was larger than our ALMA upper limit on continuum emission.
GRB 021211
The UV-based SFR from the SED fitting of the GRB 021211 host showed an SFR of 0.4-8 M ⊙ yr −1 (Savaglio et al. 2009; Castro Cerón et al. 2010; Svensson et al. 2010; . Micha lowski et al. (2012) detected 1.43 GHz radio emission from the host with VLA. The radio-based SFR is ∼500 M ⊙ yr −1 , placing it in the category of (2012) and found that no source is detected at the afterglow position, concluding that the previously reported detection was likely a processing artifact. Our ALMA observations did not detect the CO(4-3) line and continuum emission. The derived upper limits on IR luminosity and SFR (L IR < 2.0 × 10 11 L ⊙ and SFR < 21 M ⊙ yr −1 ) are consistent with the radio nondetection (Hatsukade et al. 2012; Perley et al. 2017a ).
GRB 031203
GRB 031203 at z = 0.1055 is one of the closest longduration GRBs, allowing us to study the environment of a GRB in detail. The host is a dwarf galaxy with a stellar mass of 3 × 10 8 M ⊙ (Guseva et al. 2011; . The UV-based SFR from SED fitting is 0.3-14 M ⊙ yr −1 (Castro Cerón et al. 2010; Svensson et al. 2010; , and the Hα-based SFR is 3-16 M ⊙ yr −1 (Prochaska et al. 2004; Margutti et al. 2007; Savaglio et al. 2009; Levesque et al. 2010a; Guseva et al. 2011) . Herschel/PACS observations by Symeonidis et al. (2014) tentatively detected the host at 70 µm (∼2.2σ) and derived log M dust = 4.27 M ⊙ , log L IR = 10.47 L ⊙ , and SFR = 3 M ⊙ yr −1 from the IR SED. Radio observations with ATCA detected the host at 1.39, 2.37, and 5.5 GHz (Stanway et al. 2010; Micha lowski et al. 2010 ) and a radio-based SFR of 2-3 M ⊙ yr −1 was derived, which is consistent with previous studies.
Our ALMA observations did not detect the CO(3-2) line and continuum emission. The upper limit on molecular gas mass is 3.5 × 10 9 M ⊙ , which is consistent with the upper limit of 9.8 × 10 9 M ⊙ reported by Micha lowski et al. (2018a) derived from the CO(2-1) line observations. Wiersema et al. (2018) derived an H 2 gas mass (including He and heavy elements) of 2.3 × 10 9 M ⊙ based on the tentative detection of the rotation-vibrational H 2 0-0 S(7) line. They assumed that the column density of H 2 molecules is distributed as a power-law function with respect to temperature, with an upper temperature of 2000 K, a lower temperature of 50 K, and a power-law index of n = 4.5. The derived H 2 mass is consistent with our upper limit.
The dust continuum emission was not detected, placing upper limits of M dust < 1.4 × 10 7 M ⊙ , L IR < 1.8 × 10 11 L ⊙ , and SFR < 19 M ⊙ yr −1 , which are consistent with the results of previous studies.
GRB 050826
The GRB 050826 host has an SFR of 1-2 M ⊙ yr −1 derived from UV-SED and Hα emission (Svensson et al. 2010; Levesque et al. 2010a ).
The CO(3-2) line was significantly detected and the derived molecular gas mass is (2.9 ± 0.5) × 10 9 M ⊙ . The velocity-integrated intensity map shows a possible companion (S/N ∼ 3) ∼1 ′′ west of the host with a velocity offset of ∼100 km s −1 . The two components appeared to be connected with weak CO emission, which might indicate an interaction.
The dust continuum was not detected, placing upper limits of M dust < 4.1×10 6 M ⊙ , L IR < 5.5×10 10 L ⊙ , and SFR < 5.7 M ⊙ yr −1 . The SFR upper limit is consistent with previous studies.
GRB 051006
Because of the limited early optical observations, it is not known whether GRB 051006 is a dark GRB or not (Perley et al. 2015) . The host was detected in VLA 3 GHz observations and the radio-based SFR is 51 +22 −18 M ⊙ yr −1 (Perley et al. 2015) . The SED fitting also shows a high SFR of 98 +2 −1 M ⊙ yr −1 (Perley et al. 2015) .
The CO(4-3) line was significantly detected, and the derived molecular gas mass is (3.6 ± 0.4) × 10 10 M ⊙ . The dust continuum was detected with S/N = 3.3 and the estimated SFR is 29 ± 9 M ⊙ yr −1 . The FIR-based SFR is lower than the results of our SED analysis or Perley et al. (2015) . This might be because the dust temperature is higher than that we assumed (40 K).
GRB 051117B
The GRB 051117B host is known to be one of the highest-metallicity GRB hosts, with a super-solar metallicity with 12 + log (O/H) = 9.00 ± 0.16 , which was derived with N2 and O3N2 diagnostics based on the calibrators of Nagao et al. (2006) and Maiolino et al. (2008) . The UV-based SFR derived from SED fitting is 3.4 M ⊙ yr −1 (Krühler & Schady 2017) and the Hα-based SFR is 4.7 +4.9 −2.2 M ⊙ yr −1 . The radio observations at 3, 5.5, and 9 GHz did not detect emission (Micha lowski et al. 2012; Perley et al. 2015) , giving an upper limit of SFR < 27 M ⊙ yr −1 (Micha lowski et al. 2012) .
The CO(3-2) line was detected and the molecular gas mass is (5.9 ± 1.7) × 10 9 M ⊙ . The dust continuum was detected (S/N ∼ 3.4). The estimated SFR is 13 ± 4 M ⊙ yr −1 , which is consistent with the Hα-derived SFR and the upper limits obtained in the radio observations. 4.4.7. GRB 060814 GRB 060814 is a dark GRB (Krühler et al. 2012) . The host complex consists of components A and B (spectroscopic redshifts of z = 1.923 and 1.920, respectively) with a separation of 1. ′′ 3 and the GRB occurs at component A (Jakobsson et al. 2012; Krühler et al. 2012) . The host shows active star formation, with SFR of ∼50 M ⊙ yr −1 Palmerio et al. 2019 ) derived from Hα line, 210-240 M ⊙ yr −1 derived from SED modeling (Perley et al. , 2015 , and 260 M ⊙ yr −1 derived from 3 GHz radio observations (Perley et al. 2015) .
We detected the CO(3-2) line at z = 1.923, which is consistent with the redshift of the component A. The molecular gas mass is (5.7 ± 1.1) × 10 10 M ⊙ , which is one of the most massive GRB hosts . In spite of the large SFR, the dust continuum was not detected in our observations, giving an upper limit of SFR < 74 M ⊙ yr −1 .
GRB 070306
The afterglow of GRB 070306 is highly extinguished, with a visual extinction of A V = 5.5 mag, and the GRB is classified as a dark burst (Jaunsen et al. 2008) . SED modeling of the host by showed a relatively blue SED with a low mean extinction (A V = 0.13), suggesting a complex dust geometry in the host. The UV-based SFR derived from SED fitting is 10-20 M ⊙ yr −1 (Krühler et al. 2011; Perley et al. , 2015 , whereas the SFR derived from the IR SED with Herschel/PACS photometry is 100-140 M ⊙ yr −1 Schady et al. 2014 ). The SFR derived from 3 GHz radio observations is 143 +61 −35 M ⊙ yr −1 (Perley et al. 2015) , which is consistent with the IR SFR and higher than the UV-based SFR, suggesting dust obscured star formation in the host.
We detected the CO(3-2) line and derived a molecular gas mass of (2.9 ± 0.5) × 10 10 M ⊙ . The dust continuum was not detected, providing an upper limit of SFR < 68 M ⊙ yr −1 .
GRB 071021
GRB 071021 is a dark GRB (Krühler et al. 2012) . The host at z = 2.452 exhibits the highest redshift in our sample. The host is an actively star-forming galaxy with SFR = 32 +20 −12 M ⊙ yr −1 derived from Hα line (Krühler et al. 2015) and 190.3 +25.6 −20.3 M ⊙ yr −1 derived from SED modeling .
In spite of the large SFR, neither the CO(4-3) line nor the dust continuum emission were detected. Note that the bright continuum source 2 ′′ southeast of the GRB is an unrelated object. The derived upper limits are M gas < 4.6 × 10 10 M ⊙ and SFR < 76 M ⊙ yr −1 .
GRB 081109A
GRB 081109A is a dark GRB, and the afterglow spectrum shows a high visual extinction (A V = 3.4 mag; Krühler et al. 2011 ). The host galaxy shows active starforming properties, with SFR ∼ 10-50 M ⊙ yr −1 based on the SED modeling and emission lines of Hα and [OII] (Krühler et al. 2011; Krühler et al. 2015) .
We detected the CO(4-3) line and obtained a molecular gas mass of (2.0 ± 0.3) × 10 10 M ⊙ . The CO velocity field shows a rotation feature in the southwest-northeast direction. The dust continuum was not detected, and the derived upper limit is SFR < 28 M ⊙ yr −1 .
GRB 100621A
GRB 100621A is another dark GRB, and the afterglow shows high visual extinction (A V = 3.8 mag; Krühler et al. 2011) . However, the host shows blue SED (Krühler et al. 2011) . The red afterglow and blue host suggest a complex dust geometry in the host, as in the case of GRB 070306 (Krühler et al. 2011; ). The SFR based on SED modeling or the Hα line is ∼10 M ⊙ yr −1 (Krühler et al. 2011 Japelj et al. 2016) . Although Stanway et al. (2014) reported radio detection at 5.5 and 9.0 GHz ∼0.8 year after the explosion and a derived SFR of 60 M ⊙ yr −1 , the follow-up observations at 2.1 GHz by Greiner et al. (2016) ∼2.7 years after the explosion did not confirm the detection. The obtained upper limit is SFR < 30 M ⊙ yr −1 . In combination with earlier radio flux measurements of the afterglow, Greiner et al. (2016) suggested that the radio emission reported in Stanway et al. (2014) was due to the afterglow.
The host was not detected in either the CO(3-2) line or the dust continuum in our observations. The upper limits are M gas < 1.9×10 9 M ⊙ and SFR < 16 M ⊙ yr −1 .
GRB 110918A
The afterglow of GRB 110918A shows low extinction (A V = 0.16 mag), whereas the host is massive and metal-rich (Elliott et al. 2013) . The host has a solar metallicity with 12 + log (O/H) = 8.93 ± 0.11 . The SFR is 20-40 M ⊙ yr −1 based on the Hα line (Elliott et al. 2013; Krühler et al. 2015) and 66 M ⊙ yr −1 based on SED fitting (Elliott et al. 2013) . Radio 2.1 GHz observations by Greiner et al. (2016) put an upper limit of SFR < 84 M ⊙ yr −1 .
The CO(3-2) line and dust continuum were detected at the host center, but they were not detected at the GRB position 12 kpc away from the host center (Elliott et al. 2013) . The CO velocity field shows a gradient consistent with rotation. The derived molecular gas mass is M gas = (1.9 ± 0.3) × 10 9 M ⊙ . The FIR-based SFR is 32 ± 7 M ⊙ yr −1 , which consistent with the previous results.
GRB 130925A
GRB 130925A is an ultra-long GRB with a duration of prompt gamma-ray emission of ∼ 20 ks (Bellm et al. 2014; Evans et al. 2014; Piro et al. 2014 ). The afterglow spectrum shows a high visual extinction (A V = 5.0 ± 0.7 mag; Greiner et al. 2014 ) that is one of the largest extinction among GRB afterglows. The host also shows a high extinction of A V = 2.4 ± 0.9 mag based on SED fitting (Schady et al. 2015) . Optical spectroscopy of the host shows two star-forming regions corresponding to the galaxy nucleus and an Hii region located ∼0. ′′ 2 (6 kpc in projection) southwest of the nucleus (Schady et al. 2015) . The GRB site is close to the nucleus, which has a super-solar metallicity (Schady et al. 2015; Krühler et al. 2015) . The SFR in the host is 2-3 M ⊙ yr −1 based on the Hα line and SED fitting (Schady et al. 2015; Krühler et al. 2015) .
Our observations did not detect either the CO(3-2) line or the dust continuum, placing upper limits of M gas < 7.6 × 10 8 M ⊙ and SFR < 9.2 M ⊙ yr −1 .
GRB 140301A
The host has a high SFR of 106 +36 −25 M ⊙ yr −1 based on the Hα line . The host is one of the highest metallicity GRB hosts, with 12 + log (O/H) = 8.89 ± 0.09 .
The CO(3-2) line was significantly detected, whereas the dust continuum was only tentatively detected (S/N = 2.9). The CO velocity field shows a gradient consistent with rotation. The derived molecular gas mass is M gas = (4.3 ± 0.5) × 10 10 M ⊙ . The upper limit on SFR is <66 M ⊙ yr −1 , which is lower than the results of the Hα observations and our SED analysis. A possible cause of the difference may be the assumed dust temperature, where a larger SFR would be derived for a higher dust temperature.
DISCUSSION
Line Width
The CO line luminosity and the line FWHM are indicators of the molecular gas mass and the dynamical mass, respectively. In Figure 8 we compare L ′ CO and FWHM for CO-detected GRB hosts in our sample and in the literature. We also show the sample of z ∼ 1-2 MS galaxies (Daddi et al. 2010; Magnelli et al. 2012; Magdis et al. 2012; Tacconi et al. 2013 ) and z = 0.01-0.05 star-forming galaxies (Bothwell et al. 2014; Saintonge et al. 2017) . The comparison sample is limited to have the same selection criteria on SFR as the tergets (Section 2.1). The GRB hosts at low redshifts share a similar region to local star-forming galaxies. The GRB hosts at z ∼ 1-2 overlap the MS galaxies at similar redshifts except for the GRB 060814 host. It might be possible that the line width would be broader if we take the emission from ∼−180 to 180 km s −1 as seen in Figure 2 , although the emission is not significant. Another possibility is that a small inclination angle make the line width narrower.
We presents a relation between L ′ CO and FWHM following Bothwell et al. (2013) :
where C is a constant that depends on the mass distribution and kinematics of the galaxy (Erb et al. 2006) , R is the radius of the CO-emitting region in kpc, G is the gravitational constant, and ∆v FWHM is the line width in km s −1 . We take C = 2.1 for a disk galaxy following previous studies on z > 1 star-forming galaxies and submillimeter galaxies (SMGs) (Bothwell et al. 2013; Aravena et al. 2016) . We note that there are many possible uncertainties both from the assumed parameters and observational measurements. Nevertheless, as shown in Figure 8 , the GRB hosts appear to follow the model relation, which is also applied to z ∼ 1-2 MS galaxies, suggesting a similarity between the two populations in terms of geometry and kinematics.
Molecular Gas Mass-SFR
There is a correlation between gas surface density and SFR surface density known as the Kennicutt-Schmidt relation (Kennicutt 1998; Schmidt 1959) . It is also known that their integrations over the galaxy show a correlation (M gas -SFR). Figure 9 compares the molecular gas masses and SFRs of the targets. The SFRs are derived by the SED fitting (Section 3). We also plot the GRB hosts with CO observations in the literature by using the same CO line ratios and metallicitydependent conversion factors adopted for our sample. For comparison, local galaxies (Saintonge et al. 2011 (Saintonge et al. , 2017 Bothwell et al. 2014) , z ∼ 1-2 MS galaxies (Tacconi et al. 2013; Seko et al. 2016a) , and SMGs (Bothwell et al. 2013 ) are also plotted. Since the location in the M gas -SFR plot might be biased for a galaxy above the MS line, we limit the comparison sample with the same selection criteria on SFR as our targets (Section 2.1).
The majority of the GRB hosts at z 1 are located in the region similar to those of z ∼ 1-2 MS galaxies with a molecular gas depletion timescale (t depl = M gas /SFR) of ∼1 Gyr, while some hosts at lower red- For comparison, we plot z ∼ 1-2 MS galaxies (Daddi et al. 2010; Magnelli et al. 2012; Magdis et al. 2012; Tacconi et al. 2013) and z = 0.01-0.05 star-forming galaxies (Bothwell et al. 2014; Saintonge et al. 2017) . The comparison sample with SFRs below the target selection criteria are shown in gray. The lines represent a formula for a disk model with R = 4 kpc and αCO = 5 (solid) and with R = 2 kpc and αCO = 10 (dashed), respectively. The GRB hosts are color coded by redshift.
shifts have a shorter gas depletion timescale. The upper limit on molecular gas mass on the GRB 100621 and 130925A hosts places them in the sequence of starburst galaxies, where the hosts of GRBs 980425 and 080517 are also located (Stanway et al. 2015b; Micha lowski et al. 2016) . It is possible that these hosts are in the burst phase of star-formation with an enhanced star-formation efficiency (SFR/M gas ). Although Micha lowski et al. (2018a) reported that the hosts of GRBs 060814 and 100316D are deficient in molecular gas, we do not find the deficiency in Figure 9 . This is because they adopted a fixed value of conversion factor α CO = 5 M ⊙ (K km s −1 pc 2 ) −1 , whereas we adopt a metallicity-dependent α CO (Z), which is larger than 5 M ⊙ (K km s −1 pc 2 ) −1 (Table 6) .
Gas Fraction, Depletion Timescale, and Scaling Relation
Previous studies on GRB hosts suggest a deficiency of molecular gas in the host galaxies compared to their star formation rate (SFR) or stellar mass Stanway et al. 2015b; Micha lowski et al. 2016) . GRB hosts (This Work) GRB hosts local galaxies ~ 1-2 MS galaxies SMGs 0 1 2 Figure 9 . Comparison of molecular gas mass and SFR. We plot the GRB host galaxies in our sample and in the literature. The GRB hosts are color coded by redshift. The SFRs of our targets are derived by the SED fitting. For comparison, we plot local galaxies (Saintonge et al. 2011 (Saintonge et al. , 2017 Bothwell et al. 2014) , z ∼ 1-2 MS galaxies (Tacconi et al. 2013; Seko et al. 2016a) , and SMGs (Bothwell et al. 2013) . The comparison sample with SFRs below the target selection criteria are shown in gray. The solid and dashed lines represent gas depletion times of 0.1 and 1 Gyr, respectively. The typical 5σ detection limit is shown as a dot-dashed line by assuming a Galactic CO-to-H2 conversion factor of 4.4 M⊙ (K km s −1 pc 2 ) −1 . Stanway et al. (2015b) claimed that the CO emission of GRB hosts to be weak compared with their SFRs, suggesting that a short gas consumption timescale is characteristic of GRB hosts. However, recent CO observations by Arabsalmani et al. (2018) and Micha lowski et al. (2018a) found no molecular gas deficiency, and the reported deficiency can be due to the small statistics and/or the adopted CO-to-H 2 conversion factor. CO(1-0) observations of the GRB 080207 host by Hatsukade et al. (2019) support the claim that GRBs hosts can be representative star-forming galaxies. We examine this issue with the largest sample of GRB hosts by comparing them with other star-forming galaxies. Figure 10 shows the molecular gas fraction and molecular gas depletion timescale as a function of redshift. GRB hosts in the literature are also plotted by using the same CO line ratios and metallicitydependent α CO adopted in this study. For comparison, the distribution of star-forming galaxies compiled by Tacconi et al. (2018) is shown as a color distribution.
They selected a representative and statistically significant sample of star-forming galaxies, covering a wide range in basic galaxy parameters and SFRs relative to that on the MS, and expanded the study of Genzel et al. (2015) with a large sample of 1444 star-forming galaxies between z = 0 and 4. The dashed line in Figure 10 represents the best-fitting line for MS galaxies derived by Tacconi et al. (2018) . The GRB hosts tend to have a higher µ gas and a shorter t depl as compared with other star-forming galaxies at similar redshifts, especially at z 1, although many of the data points for the GRB hosts are upper limits. This could be a common property of GRB hosts or an effect introduced by the selection of targets which are typically above the MS line. Genzel et al. (2015) and Tacconi et al. (2018) argue the scaling relations for µ gas and t depl can be written as functions depending on redshift, stellar mass, and offset from the MS line, δMS = sSFR/sSFR(MS, z, M * ). Tacconi et al. (2018) found that their large data sets follow the same scaling trends, where µ gas scales as (1 + z) 2.5 × (δMS) 0.52 × (M * ) −0.36 and t depl scales as (1 + z) −0.6 × (δMS) 0.44 over a range of log δMS from −1 to 2. The trend of the dependence on the distance from the MS line discussed in Tacconi et al. (2018) is consistent with previous studies (e.g., Saintonge et al. 2012; Magdis et al. 2012; Scoville et al. 2017) . Figure 11 shows µ gas and t depl of the GRB hosts as a function of δMS. The GRB hosts follow the same scaling trends as other star-forming galaxies, where µ gas increases and t depl decreases with increasing δMS. The Pearson's correlation coefficients estimated for the CO-detected hosts are r = 0.79 and r = −0.59 for the distribution of µ gas and t depl , respectively, indicating a correlation. Tacconi et al. (2018) found a dependence on stellar mass for µ gas , and the trend of smaller µ gas for larger stellar mass also appears in the left panel of Figure 11 for the GRB hosts. This trend is presented in the plot of µ gas as a function of δMS in Figure 12 . These suggest that GRB hosts have no molecular gas deficit when compared to other star-forming galaxies of similar SFR and stellar mass.
The GRB 980425 host is significantly offset from the trend in the t depl -δMS plot. The host is known to have a low CO-derived molecular gas mass for its SFR ). There are also several possible reasons due to the uncertainties on the measured properties (stellar mass and SFR) in the literature, in addition to the assumed quantities (α CO and line ratios) in this study.
As discussed in Section 5.1, the GRB hosts share dynamical properties with other star-forming galaxies. Hatsukade et al. (2019) GRB 080207 shares common properties such as gas-todust ratio, location in the Kennicutt-Schmidt relation, and kinematics, in addition to µ gas and t depl with normal star-forming galaxies at similar redshifts. The overall trend for the GRB hosts found in this study suggests that the star-forming environment producing GRBs is similar to that of other star-forming galaxies in terms of molecular gas. These suggest that the same starformation mechanism is expected in GRB hosts as in other star-forming galaxies.
CONCLUSIONS
We report the results of ALMA CO observations of 14 host galaxies of long-duration GRBs at z = 0.1-2.5. Eight hosts (GRBs 050826, 051006, 051117B, 060814, 070306, 081109, 110918A, and 140301A) at z = 0.3-2 were detected in CO [five with the CO(3-2) line and three with the CO(4-3) line], whereas only three hosts were detected in the dust continuum. Two hosts (GRBs 110918A and 140301A) show velocity gradient consistent with rotation with a line FWHM of 200-300 km s −1 . Molecular gas mass is estimated to be M gas = (0.2-6)×10 10 M ⊙ by assuming metallicity-dependent CO-to-H 2 conversion factors and CO line ratios appropriate for normal star-forming galaxies.
To estimate the SFR and stellar mass in a common way, we conducted SED analysis with available photometry from UV to radio including our ALMA photometry.
We combined the results of CO observations with those reported in the literature (11 GRB hosts) and discuss the CO and molecular gas properties with the largest sample of GRB hosts (25 in total, of which 14 are detected in CO). The key findings are as follows:
• The CO-detected hosts share a similar region to local and z ∼ 1-2 star-forming galaxies in the CO line FWHM-L ′ CO plot, suggesting a similarity between the two populations in terms of geometry and kinematics.
• The majority of the GRB hosts at z 1 are located at regions similar to those of z ∼ 1-2 MS galaxies in the planes of M gas -M * and M gas -SFR.
• The GRB hosts tend to have a higher µ gas and a shorter t depl as compared with other star-forming galaxies at similar redshifts, especially at z 1. This could be a common property of GRB hosts or an effect introduced by the selection of targets which are typically above the MS line.
• In oder to eliminate the effect of selection bias toward higher-SFR hosts, we analyzed µ gas and t depl as a function of the distance from the MS line (δMS). The GRB hosts were found to follow the same scaling relations as other star-forming galaxies derived by Tacconi et al. (2018) , where µ gas increases and t depl decreases with increasing δMS. Figure 11 . Dependence of molecular gas fraction (µgas) (left) and molecular gas depletion timescale (t depl ) (right) as a function of the offset from the reference MS line (δMS). Circles and squares represent the GRB hosts of our targets and in the literature, respectively. The upper limit for the host of GRB 030329 (and GRB 000418 in the left panel) is not presented (above the plot range). The background distribution shows the distribution of a sample of star-forming galaxies compiled by Tacconi et al. (2018) , and the dashed line shows the best-fit line for their sample. The GRB hosts are color coded by stellar mass. Figure 11 . The GRB hosts are color coded by log(δMS).
• When compared to other star-forming galaxies of similar SFR and stellar mass, no deficit of molecular gas is observed for the GRB hosts.
These findings suggest that the star-forming environment producing GRBs is similar to that of other star-forming galaxies in terms of molecular gas, especially molecular gas fraction and depletion timescale. This could indicate that the same star-formation mechanism is expected in GRB hosts as in other star-forming galaxies.
Because our targets for CO observations in this study were biased toward higher SFRs, it is important to construct an "unbiased" sample for studying the general properties of GRB hosts in future observations. Note-a Metallicity converted to the calibration of Pettini & Pagel (2004) by using the metallicity conversion of Kewley, & Ellison (2008) . b CO line luminosity. c Molecular gas mass with metallicity-dependent CO-to-H2 conversion factor. d Metallicity-dependent CO-to-H2 conversion factor.
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